4 SEMI-ANNUAL REPORT, -

NASA RESEARCH GRANT NGR-33-019-058

/ INVESTIGATION OF COMPUTER-AIDED CIRCUIT DESIGN, z

+PART.I:”
SYNTHESIS OF DISTRIBUTED SYSTEMS. /’

PART II F

+SIGNAL FLOW GRAPH APFROACH TO COMPUTER-AIDED DESIGN :;L

| 6
SQPM‘ l,. 1966 - Pebw_* 196/N°’ Z (ACéstgl?ONlNuZnEg) j (THRU)
7 -
E (PR i) (copg)
2 @/ LES T2 it oy

(NASA CR OR TMX OR AD NUMBER)

~~” THE UNIVERSITY OF ROCHESTER
COLLEGE OF ENGINEERING AND APPLIED SCIENCE

DEPARTMENT OF ELECTRICAL ENGINEERING
ROCHESTER, NEW YORK

(CATEGORY)

B



SEMI-ANNUAL REPORT

NASA RESEARCH GRANT NGR-33-019-058 . /' -

(PART I)

SYNTHESIS OF DISTRIBUTED SYSTEMS
and

(PART II)

SIGNAL FLOW GRAPH APPROACH TO COMPUTER-AIDED DESIGN

September 1, 1966 - February 28, 1967

Principal Investigator

.- Gerald H, Cohen 4

-~ -
;lDeparUNuuﬁof Electrical Engineering. =<
College of Engineering and Applied Science
/ The Univérsity of [(Rochester
Rochester, New York —

—



(PART I)

SYNTHESIS OF DISTRIBUTED SYSTEMS




A.  INTRODUCTION

This investigation is concerned with adapting a modern
hybrid computing facility to the synthesis of systems where the
active as well as passive elements may be distributed in space
or where combinations of lumped devices and distributed trans-
mission systems may exist. We are thus concerned with guided
waves in a inhomogeneous and possibly time-varying media. The
viewpoint taken is that the distributed parameters (e.g. the
resistance and capacitance which can vary continuously as a
function of distance in the direction of propagation) are to be
optimized so as to achieve a cost or penalty function minimiza-
tion. . Practical boundary and state variable constraints are to
be satisfied such as inequality constraints on the values of the
distributed parameters. The result is a determination of the
optimél electrical properties of the media as a function of
position in the direction of wave propagation.

For the case where the net energy absorbed is positive the
material will be passive and an optimal interstage or transmis-
sion or filter or equalizer will be obtained.

It is conceivable that energy may be pumped into the wave-
guide or transmission line by means of parametric excitation of
the dielectric constant. Examples may be distributed time vary-
ing capacitance or inductance as in the ferromagnetic magnetic
amplifier., See the sketch below of a transmission line para-

metric amplifier equivalent circuit
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The direct method of the calculus of variations in the form
of steepest descent (or the method of gradients) is used to
evaluate the optimal distributed parameters. A Hybrid computer
set-up for solving a particular example has been determined. A
brief description is given in the sequel and the fundamental

approach is divulged.

B. GUIDED WAVES

The position taken here is that in integrated circuits at
high frequencies waves are propagated or guided from one point
to another and it is our task to control the electrical proper-
ties of this distributed medium so as to satisfy a certain
criteria., We start by developing in brief the generalized trans-
mission line equation for guided waves.

Assume the medium can vary in one direction only - the direc~
tion of propagation z, then Maxwell's equation can be split into
longitudinal and transverse components, i.e. the gradient can
be written V= ¥Vt + Ve and the electric field intensity E can
be w:itten'E'= E; + E; and so on. In this manner we can decom-

pose the waves into their various modes. The results are
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All these quantities Eg, He, €,  are both time and space depend-
ent. If we assume periodic time depemdence of E and _u the analy-
sis will lead to a travelling wave parametric amplifier.

For the E mode a general model can be derived. The results

are shown below:
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Synthesis of an R-C line

The time domain design problem for a series R-shunt C dis-
tributed network is one of many that can be handled. For this

problem the quantities used are defined in Fig. 1.
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The statement of this problem is:

Given the source voltage Vg(t)’ source resistance R, and
the load resistance R , find the R and C distributions such
that the output voltage V( 'Q,jg) is the best approximation in the
integral square sense to the desired output voltage, over the

time interval (o,T).




The system equations are:

?L-v(x,t) + r(x)i(x,t)

=0
TX
%i i(x,t) + c(xigf vix,t) =0

(1)

with boundary conditions

X; = v{o,t) + Roi(o,t) - vg(t) = 0
and Yo = vt} = B 1((,1) =0 | (2)

vix,0} = i(x,0) = 0

. vd(t) is the desired output voltage
Our task is to find r(x) and c(x) such that

T 2
7= o [viist) - vg(t] at 5

15 minimized subject to the physical inequality constraints
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~errer”, Resh and Hoyt have attempted a solution to this problem by apn-
slying the caleuluc of variations. The variations in the neighborhood of the
optimal distributions yield a set of integro~partial differential equaticns
as a set of necescary conditions. This is further complicated by being a
two-2oint boundary value problem. |

As 4t will be aprarent inwhat follows,the approach presented heres follows

G 2claxation method of step-hy-step improvement converging towards the optimal

clcteibution.
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with variable coefficients. This set is compactly written in vector notation

N
n

as AZ or gi z) = f(r,e,2) (5)
‘_ [VI'T/J'

-

where V = [Vo,vlg oo.ouooooo.VN].

]
I

and where T/= [io,il. .-....oooo.iN:].

with v, (x) = v(x,an),
and i, (x) = i(x,an); where A is the discretizing
step in time. _ -
! 0 R:
A = :
_C 0,
where R =-r(x) X I is an identity matrix
of rank (N+1)
C =-c(x)lK K is a truncated triangular
A matrix of rank (N+1)
The boundary conditions ave ?0[7(0).-12(0)] =0
1 (6)

and the cost function becomes

2= b0 W) - Ty ' 7

Pontryagin®s Maximum Principle

Defining a new set of state variables = {x) such that

2, 2
Qk(X; = {Vk - de) H k = O.l. ooocooo.No
so that a = ?m(v.f)
‘\’

Ve arrive at the Hamiltonian
— -? —/ —-— —,? -
Z=pyR L + pCV + pelg

SeleEalc) Yyes P P are the adjoint variables




In the expanded version
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lieximizing H is a necessary condition for minimizing F. The direct method is
with
not concerned/these conditions, but this formulation is used to obtaln informa-

tion about the nature of the solution. We see that we have a bang bang control

- L ~=H ‘©H . 3
execent for possibly the regions of X, over which %;ﬁ or =3 identically

Cradient Tecmnoue3

he gereral philosophy behind this technique is to obtain the variation

l*-]

~

i the criterion functional as a function of the variations in the continuous
functions (<) and c(x). (Ul will represent the control variables as u, where

' =lr(x), c{x)] Y. The method traces a path in u space that uniformily

Souations (5), (6) and (7) give a complete statement of the problem. The

modified eriterion function F which incorporates the system equations is given

iIN7 l—
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A= [Ao’kl" AN is a set of adjoint variables




-8-

which may be identified as the Lagrange multipliers (functions of x). The quan-

tities Mo and " ] are constant Lagrange multipliers and the Hamiltonian

H= YAZ . o

The first order variation in F is obtained as
- —f - . — - —
F = fy 82+ Toloz, 62, + 771{!2182‘

/}
+ f[(H

o Z

+ X8z + (5, - D] ax

A

- o) el (9)
+ J By bu dx - [7\82_]0

For steepest descent one has to choose U  so that |8?§is maximized, and
OF is to be negative. In order to avoid a singular problem, we may choose

%o} du W ou dx as a penalizing function and add it to the right hand

side of the equation (9).

Now minimizing OF w.r.t. (8'2-0,5-2- ,62 ,6-)':,6-11) | we obtain
:\ -7 =0 which are the system equations (5) and H, + X =0
which are the adjoint equations

o= -4 | (10)
5\'-o + ?'ozoﬁo =0 | (11a)
NP =T =0 (11b)
- -1, '

ou = « W Y‘Hu] : (12)

tcquations (11) ave the set of boundary conditions for the adjoint variables.
Cgquation (12) gives the desired variation in u that improves the criterion
Suwiction -~ to the first order. Thus, if one starts with an arbitrary nominal

v avtoreean oneunlating it dn accordance with equation (12) tho con-

I At P . Tu oyame e T
Gl R O vhdeh. howevoer. HTSSRY 0] ¢ FORNN WO I DTG ENFE S S




condition for the minima.

Computations:

It is required to solve two sets of differential equations at every stage,
both of which are two-point boundary value problems [ equations (5), (6), (10),
(11) i .

A closer look reveals that the system equations are of the form
d

= vk = - rik
d = « & -
& e = -5 (v - vyy)

and the boundary conditions
vy (o) + Ry 1,(0) - Vek = 0
vi (k) = B 1 () =0
The adjoint equations have the same form. This makes it possible to solve
the set, pairwise, with the help of a hybrid computer. The analog computer is
programmed to find the solution to the two-point boundaryrvalue problem by
iterating. The digital computer feeds the variable parameters r and c through
a D to A converter.
The solutions are stored in the memory of the digital computer which is
required to do the algebraic operations and compute Su . The flow diagram
is given in fig. 2. |

Other Considerations.

(1) Rate constraint: In the case of thin film circuits it seems
reasonable to incorporate a constraint on the rate of variations in r and c.

P -, =
This can be done by adding a penalty function of the forw1'%°f u'P u dx

where P is a symmetric matrix.
Addition oy this penalizing function to equation (8) eliminates the need

- . - . - . 1 A:“ (—F L, o=
ror an arbitrarvy nenalising function -501 su W ou dx
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The accessory problem of choosing bu for minimizing 8F has a solution,
Su-P'l,lx-J?(H’d dx + K. x + K, = u = u(o)
- o' of Mu %P 2 1
- L x
K., = - Hux + OJ‘ Hu d«

, - : { ,
Sgn K; = - Sgn oj H, dx

The magnitude of the components of Ki should be small enough so that the
perturbation equations and first order approximations are valid. The upper
limit on the magnitude of the components of kj is obtained from the constraints

on u.

(2} Second Variation4.
A valid objection may be raised about the rate of convergence and the

number of iterations near the optimal solution. The convergence can be im-

proved by taking into consideration the second variation. A formulation based

on Bullock's paper® was attempted. Obtaining the iterative procedure poses

no problem. However, the set of differential equations required to be solved
takes us back to the old problem of multivariable state equations with split
boundary conditions. The improvement in convergence may not offset.the effortj
involved in solving the equations.

Furthermore, the problem of slow convergence will be faced in the neighbor-
hood of the optimal solution. And since we have to worry about the practical
tolerances in synthesizing the network the extra effort in obtaining the op-
timal control is not warranted.

Ceneclusions.,

The approach adapted here gives successive improvement in the design. //I%c

hybrid computgulon along with the pairwise separation O' state and adjoint equa-




tions makes it possible to tackle the discouraging task of solving multi-
varigble state equations with split boundary conditions. The rate constraint
avoids the singular solution. The gradient technique will also help to solve

’ /
the problem of singular controly

ulx)
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The design procedure using computers can be as shown in the

following flow graph:

Specifi-
ration

Bynthesip

+

Circuit

¥
< v

Parameter Rnalysis

Optimiza-
tion

Final
Circuit

Figure 1 - Circuit Design Flow Chart
We have shown in part I how the synthesis part of the design
procedure can be handled using a hybrid computer to solve the
variational problem. Next, we will show how the hybrid computer
is to carry out the rest of the design procedure.
We have directed our attention in this period to the problem
of analysis and simplification. It is assumed that flow graph

equations are communicated to the‘computer via a light pen and CRT.
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The method used is based on the Primitive Flow Graph first

developed by Mason(l) and ‘also used by Seshuaand‘Balbanian(z)

which is related to Bashow's "A" Matrix as are most of the present

(3) (4)

computer programs . In fact, Happ

(5).

and his NASA group use
Mason's method as well as Yang

Oﬁr approach to the problem of analysis is based on the ob-
servation that the digital computer programs used such as ECAP,
SCEPTRE etc. use the digital computer to simulate the network.
The analog computer is much more versatile at simulation and when
combined with a small scale digital computer (the combination
being called Hybrid) analysis as well as parameter optimization
may be carried out much less expensively and on line. Thus, all
the routines shown in Figure 1 can be carried out on line which
means that the human can intervene at will, We feel that this is
most desirable. When time-shared digital computers are available
and when their use can be shown to be competitive with Hybrid
computers then the analog element can give way to the digital and
the existing small-scale computer can act as a buffer.

After the digital computer has digested the information
presented to it by the CRT display, a program has been written
to plot the signal flow graph automatically from the flow graph
connection matrix.

A Gauss elimination technique is used to solve for any of
the variables. This routine can handle complex numbers as re-
quired for a.c. analysis. This allows us to determine the influ-

ence any branch has on a variable represented by a node for a
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particular frequency and driving source. We store both the magni-
tude and phase. Then each branch value is eliminated one at a
time, and new node value is determined. The ratio of the magni-
tudes of the differences between the magnitudes of the node value
with and without the branch is determined. The differences in
the phase angle is also determined. If these differences both
in magnitude and phase are within a preset rejection criteria,
the branch can be eliminated. If not, the branch is retained.
Because some transmittances have a greater effect at some fre-
quencies than at other frequencies, it is necessary to retain a
branch in the signal flow graph if it did not meet the rejection
criteria for all the frequencies of interest. A simplified flow
graph is then drawn for the designer's use.

The signal flow graphs for the original graph and for the
reduced graphs for two different criteria are shown in figures
2, 3 and 4, The original circuit is shown in figure 5. It is
readily observed that the direct path has been eliminated from
thé input I to the emitter voltage Vg. Note also that the
current feedback node I¢, can also be eliminated. This will be
done in our next revision of the program, The same is true for
I¢z. The branches connected to these nodes will then be
eliminated.

This particular example was taken from an article by Wald-
hauer(s). Note that our reduced graph will be simpler and that
it was obtained rigorously, - not by intuition. If desired, the

simplified flow graph at low, medium and high frequencies may be
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separately drawn to show the influence of the reactive elements.
The signal flow graph is easily converted to an analog com-

puter patch-up by inspection. However, to avoid error, a program

will be written giving specific typed-out instructions to patch

the analog computer. The simplification procedure can be used

to simplify the patching as well as to simplify any digital

simulation.
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Figure 2 - - Original Signal-flow graph for composite
stage.
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Pigﬁne 3 - Reduced Signal Flow Diagram with magnitude

criteria 0.9 to 1.1 and phase criteria % 6,5°
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Figure 4 - Reduced Signal Flow Diagram with magnitude

Sriteria 0.65 to 2.5 and phase criteria
T 6,50,
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Figure 5 - Equivalent Circuit of the Composite Stage
using hybrid-pi transistor parameters.



